Background: The role of oxidative stress remains unclear in the multifactorial pathophysiologic mechanism of lung disease in preterm infants. Aims: The aim of this study was to examine the associations among chronic lung disease (CLD), oxidative stress, and oxygen requirements in preterm infants. Design: Prospective, longitudinal, and correlational design. Subjects: Preterm infants born at <32 weeks' gestation (N ¼ 31), median gestation of 29.0 weeks (range 24.9-31.7). Measurements: The diagnosis of CLD was obtained from the medical record. Oxidative stress was measured using 8-hydroxydeoxyguanosine (8-OHdG) in the cord blood at birth and urine on Days 1 and 7. Oxygen requirements were measured using fraction of inspired oxygen (FIO 2 ) recorded in the first hour after birth/admission and the average FIO 2 during the first 12 hr and 7 days after birth. Descriptive statistics are presented. Comparison analyses were performed using Kruskal-Wallis and Fisher's exact tests. Results: Infants with CLD (n ¼ 12) had lower gestational age (p ¼ .04) and weight (p ¼ .04) at birth, more days on the ventilator (p ¼ .004), and longer neonatal intensive care unit stay (p ¼ .04) compared to infants without CLD (n ¼ 19). CLD was associated with lower oxidative stress levels (p ¼ .03) and higher oxygen requirements during the first 12 hr (p ¼ .025) and on Day 7 (p ¼ .001). Lower oxidative stress levels on Day 7 were associated with higher oxygen requirements in the first 12 hr (p ¼ .01) and on Day 7 (p ¼ .03). Conclusion: Our results linking CLD and higher oxygen requirements with low oxidative stress contradict previous reports. Findings identify a gap in knowledge for postresuscitation oxygen therapy in preterm infants and expose the role of oxidative stress from inflammation and intermittent hypoxia in the etiology of CLD.
Neonatal respiratory distress syndrome (RDS) occurs in over half of preterm infants, with the incidence increasing to over 90% in infants born at <28 weeks' gestation. Clinical management strategies to treat preterm infants diagnosed with RDS appear commonly in the literature. Discussions focus on balancing sufficient respiration with oxygen requirements while decreasing the risk of chronic lung disease (CLD), also referred to as bronchopulmonary dysplasia. Nearly half of the preterm infants diagnosed with RDS develop CLD and require oxygen therapy beyond 36 weeks' corrected gestational age (CGA; Stoll et al., 2010) . The etiology of CLD is multifactorial and is associated with oxidative stress mechanisms, dysregulated systemic inflammatory responses, genetics, infection, and lung injury/mechanical ventilation (McEvoy et al., 2014) .
Oxidative stress, one immunologic mechanism of interest in the etiology of CLD, is defined as the irreversible damage caused by the presence of excessive reactive oxygen species and/or inadequate antioxidant defenses (Fellman & Raivio, 1997; Marseglia et al., 2014; Saugstad, 2010) . Oxidative stress is frequently measured using biomarkers that detect levels of fragmented proteins (e.g., o-tyrosine), DNA (e.g., ), and lipids (e.g., 8-isoprostane). Higher levels of these biomarkers suggest increased permanent damage associated with oxidative stress.
Several conditions expose preterm infants to oxidative stress mechanisms: (1) reperfusion injury and hyperoxia at birth (Fellman & Raivio, 1997; Marseglia et al., 2014; Saugstad, 2010) , (2) increased oxygen requirements from hypoxia and increased use of oxygen to treat hypoxia from RDS after birth, and (3) inadequate antioxidant defenses and DNA repair mechanisms due to immaturity of the immune system (Perrone, Negro, Tataranno, & Buonocore, 2010; Vento et al., 2009) . Previous studies in preterm infants have identified an association between oxidative stress and CLD (Joung et al., 2011; Saugstad, 2010; Vento et al., 2009) . Specifically, preterm infants with CLD have shown significantly higher levels of 8-OHdG 7 days after birth compared to infants without CLD (Joung et al., 2011; Vento et al., 2009) .
Our previous report looked at associations between feeding intolerance in preterm infants born at <32 weeks' gestational age and an oxidative stress biomarker (8-OHdG). We measured biomarker levels at birth in the cord blood and on Days 1 and 7 in urine. The aim of this secondary analysis was to examine the associations among the diagnoses of RDS and CLD, 8-OHdG levels from the samples collected at birth and on Days 1 and 7 after birth, and oxygen requirements on Days 1 and 7 after birth. Based on the previous findings in the literature, we hypothesized that infants with lung disease (RDS and CLD) compared to infants without CLD would have (1) higher 8-OHdG levels in the cord blood at birth and in the urine on Days 1 and 7 and (2) higher oxygen requirement levels. Similarly, we hypothesized that infants with higher oxidative stress levels in the cord blood at birth and in the urine on Days 1 and 7 would have higher oxygen requirements in the first hour and first 12 hr after birth and on Day 7 after birth.
Method

Subjects/Setting
This study had a prospective, longitudinal, and correlational design. We received approval from the institutional review board affiliated with Nebraska Medicine. Eligible preterm infants were <32 weeks' gestational age at birth in a Level-III neonatal intensive care unit (NICU) at a tertiary medical center in the Midwestern United States. We excluded infants with major congenital anomalies. We invited a parent of the eligible infant to participate within 24 hr after birth and, if the parent agreed, enrolled the infant in the study. Day of enrollment is defined as Day 1 of the study. More specific details of the methods appear in the published description of the parent study (Moore et al., 2013) .
Unit Practice for Resuscitation and Oxygen Administration
Resuscitation practice in the NICU at the time of the study was consistent with the 2010 American Heart Association (AHA) guidelines (Kattwinkel et al., 2010) . Infants of less than 32 weeks' gestational age were given blended supplemental oxygen at 30% with adjustments as needed based on the use of pulse oximetry to target saturation levels to 85-95% in the delivery room, as described in Escrig et al. (2008) . Supplemental oxygen administration following that provided in the delivery room was titrated to keep saturation levels between 85% and 95%. The NICU staff used oxygen saturation alarms at the infants' bedside to maintain targeted levels.
Theoretical Rationale
The model of allostatic load in premature infants (Moore, Berger, & Wilson, 2014) served as the theoretical rationale for this study. Briefly, the theory posits that the general stress of prematurity induces a state of allostasis (physiologic adaptations during change). The infant's physiologic response may be adaptive or maladaptive (dysregulation), with the latter eventually leading to allostatic load (damage caused by dysregulation) represented as complications of prematurity, specifically CLD in this study. This model is appropriate for the current study because it proposes a reciprocal association in preterm infants between CLD and the physiologic dysregulation of oxidative stress.
Measures
We obtained a number of demographic and medical variables from the infant's medical record, including sex, gestational age at birth (weeks), race, premature rupture of membranes (no/yes), antenatal steroids (no/yes), birth weight (g), Apgar scores at 1 and 5 min, first recorded pH of the infant's blood, number of days the infant had required ventilator support by Day 7, and the administration of surfactant therapy (no/yes).
Lung disease. We obtained status regarding RDS and CLD from the medical diagnosis coding at discharge in the infant's medical record. The research team verified the diagnoses using progress notes and clinical data in the medical record. The definition of RDS this NICU used is consistent with the Vermont Oxford Network's (2013) definition. The diagnosis of CLD was defined as the need for supplemental oxygen at 36 weeks' CGA.
Oxidative stress. Oxidative stress was measured using plasma levels of the biomarker 8-OHdG collected from cord blood at birth and urinary levels collected on Days 1 and 7. We labeled all samples with the study ID and sample number and stored them at À80 C to await batch processing. Cayman Assay Services assayed all samples using the 8-hydroxy-2-deoxy Guanosine enzyme immune assay (EIA) kit (#589320; Cayman Chemical, Ann Arbor, MI). 8-OHdG assays are specific and sensitive methods of measurement that reflect the watersoluble fragments of cellular DNA believed to have been damaged by oxidative stress to cellular DNA believed to be caused from oxidative stress (Cooke, Evans, Herbert, & Lunec, 2000; Saito et al., 2000) . We obtained extra cord blood collected at birth per hospital protocol to use for this study. Cord blood levels of 8-OHdG are expressed as nanogram/milliliter. We collected urine as a spot sample on Days 1 and 7 by placing a sterile cotton ball inside the infant's diaper during daytime hours (08:00-20:00 hr). We obtained creatinine levels for each urine specimen in a 1:20 dilution based on a standard dilution test to normalize for variances in urinary output. Urinary 8-OHdG levels are expressed as a ratio of microgram per milligram creatinine. Further details of the assay appear in the published description of the parent study (Moore et al., 2013) .
Oxygen requirements. We defined and calculated oxygen requirements as (a) the average fraction of inspired oxygen (FIO 2 ) recorded in the first hour after admission to the NICU, (b) the average FIO 2 recorded during the first 12 hr after birth (Hr 1-12), and (c) the average FIO 2 recorded on Day 7 (24-hr average).
Data Analyses
Descriptive statistics and comparative analyses were conducted using SPSS, Version 22 (SPSS Inc., Chicago, IL) and SAS (SAS Institute Inc., Cary, NC). Lung diseases (RDS and CLD) were dichotomized into yes/no categories. The oxidative stress biomarker (8-OHdG) was distributed into interquartiles for analyses (lower 25%, middle 50%, and upper 25%). The median oxygen requirement was compared between lung disease and oxidative stress distributions. Nonparametric tests were used to compare the demographic and medical variables and associations between groups due to the small sample sizes in each group. Mann-Whitney U and Fisher's exact tests were used to compare the infants without/with the diagnoses of RDS and CLD and oxidative stress distributions. Kruskal-Wallis tests were used to compare the oxidative stress distributions to median oxygen requirements. Pairwise deletions were used for missing data.
Results
A total of 31 infants born at <32 weeks' gestation were enrolled in the study between September 2011 and July 2012, and 1 infant died on Day 8. Table 1 displays the demographic and medical variables for the entire sample and for infants without/with RDS and CLD. Within the first week of life, 90% (n ¼ 28) of the 31 infants were diagnosed with RDS. We found no significant differences in demographic or medical variables between infants without and with RDS. Although the difference was not significant, infants with RDS had slightly higher oxygen requirements upon admission to the NICU (p ¼ .08) and during the first 12 hr after birth (p ¼ .07) compared to Of the 93 specimens possible for this analysis, 14% (13 of 93) were missing: six (6.5%) cord blood specimens were missing because the specimens were unavailable after birth and seven (6.5%) urine specimens were missing on Days 1 (n ¼ 3) and 7 (n ¼ 4) due to procedural errors or inadequate volume. Table 2 illustrates the levels and ranges of 8-OHdG. A diagnosis of CLD was associated with being in the lower quartile of urinary 8-OHdG levels on Day 7 (p ¼ .03) as presented in Figure 1 . Details regarding the association between the distribution of 8-OHdG levels and the oxygen requirements are shown in Table 2 . The infants distributed in the lower quartile of urinary 8-OHdG levels on Day 7 required higher levels of FIO 2 during the first 12 hr (p ¼ .01) and on Day 7 (p ¼ .03) as displayed in Figure 2 .
Discussion
In the present study, we explored possible associations among diagnosis of lung disease (RDS and CLD) in preterm infants, oxidative stress measured as 8-OHdG level, and oxygen requirements during the first 7 days after birth. We found no significant differences between infants without and with RDS in oxidative stress levels or oxygen requirements. Infants with CLD, however, were more likely to have a lower gestational age and weight at birth and to require more days on the ventilator than infants without CLD. The presence of a CLD diagnosis was also associated with decreased oxidative stress levels and increased oxygen requirements during the first week after birth. The infants with higher oxidative stress levels on Day 7 required lower levels of oxygen on Day 7. The findings linking higher levels of oxidative stress with both CLD and lower 
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No CLD Figure 1 . The incidence of chronic lung disease (CLD) in preterm infants per interquartile distributions of 8-hydroxydeoxyguanosine (8-OHdG) in the cord blood at birth and in the urine on Days 1 and 7. Pairwise deletions were used for missing data. Fisher's exact tests were used to compare distributions between infants without/with CLD in the cord blood (p ¼ 1.0), the urine on Day 1 (p ¼ .89), and the urine on Day 7 (p ¼ .03). *p < .05.
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oxygen requirements were unexpected. Thus, we will focus this discussion on interpretation of the oxidative stress results. Because hyperoxia is one of the mechanisms associated with oxidative stress, minimizing supplemental oxygen during resuscitation at birth is one change that practice researchers believed would decrease oxidative stress and thereby reduce the risk of CLD. In 2010, the AHA guidelines for cardiopulmonary resuscitation and emergency cardiovascular care during neonatal resuscitation suggested administering blended oxygen to obtain specific, targeted preductal saturations during resuscitation (Kattwinkel et al., 2010) . Studies in preterm infants using resuscitation protocols consistent with the 2010 AHA guidelines have shown favorable results for reducing hyperoxia and oxidative stress (Kapadia et al., 2013; Rook et al., 2014) .
We compared our results with those of two major reports published after the AHA guidelines were released that used oxidative stress biomarkers at similar collection times (Kapadia et al., 2013; Rook et al., 2014) . The studies compared levels of an oxidative stress biomarker between a high-oxygeninitiated resuscitation group and a low-oxygen-initiated resuscitation group. In both studies, however, the high-oxygeninitiated and the low-oxygen-initiated groups were receiving similar FiO 2 levels within minutes after birth. Kapadia et al. (2013) reported lower plasma oxidative stress levels at 1 hr after birth and less CLD in the group receiving low-oxygen-initiated resuscitation. Rook et al. (2014) did not find associations between urinary oxidative stress levels and oxygen resuscitation level on Day 1 or 6, and they did not report on CLD. Similar to Rook's study, in the present study we did not find associations between urinary oxidative stress levels on Day 1 or 7, with oxygen requirements during the first hour after birth. However, we did find that infants distributed in the upper quartile of urinary oxidative stress levels on Day 7 were less likely to have CLD and had lower oxygen requirements on Days 1 and 7 compared to infants in the middle and lower quartiles.
Several differences in the methods we used versus those used in the above studies may explain the conflicting results. Both Rook et al. (2014) and Kapadia et al. (2013) compared oxidative stress levels with oxygen-initiated resuscitation protocol groups, whereas we looked at oxidative stress levels within one group of infants who received similar levels of oxygen-initiated resuscitation. Other major differences between Kapadia's study and Rook's and the present studies are that (1) Kapadia compared oxidative stress biomarker levels an hour after birth with CLD, while we compared the biomarker levels 7 days after birth with CLD; (2) Kapadia used an oxidative stress biomarker that measured lipid damage, whereas Rook's study and our study used 8-OHdG, which is used to measure DNA damage; and (3) Kapadia used plasma samples, which are a better reflection of acute changes compared to the urinary samples used in Rook's study and our study. Even with these variations in methods, the differences in findings may suggest that hyperoxia damage is specific to particular cellular sites. The differences also suggest that damage from hyperoxia during resuscitation is associated with an increase in plasma oxidative stress levels 1 hr after birth but that this effect may be short lived. These findings highlight a gap in the knowledge regarding the effects of postresuscitation oxygen delivery on oxidative stress levels and CLD.
Oxidative stress is associated, not only with reperfusion injury and hyperoxia as discussed earlier but also with inflammation (Marseglia et al., 2014; Saugstad, 2010) . Scientists are beginning to understand the cyclical association between inflammation and oxidative stress in various adult lung diseases (Rawdin et al., 2013; Reuter, Gupta, Chaturvedi, & Aggarwal, 2010; Rosanna & Salvatore, 2012 ). An exaggerated inflammatory response in preterm infants has been implicated in the etiology of CLD (Aghai et al., 2010; Bose et al., 2011; Shima, Nishimaki, Nakajima, Kumasaka, & Migita, 2011; Stichel et al., 2011) . Researchers have found increased levels of inflammatory markers during the first week after birth in the blood (Bose et al., 2011) , urine (Shima et al., 2011) , gastric fluid (Stichel et al., 2011) , and tracheal aspirates (Aghai et al., 2010) of preterm infants who later develop CLD. Increased time exposed to mechanical ventilation also causes injury to and inflammation in the lungs of preterm infants (Jobe et al., 2008) . We did not measure inflammatory biomarkers in the present study, but the infants who later developed CLD did require more days on the ventilator compared to infants who did not develop CLD. Our results support the role of lung injury and suggest the role of inflammation in the etiology of CLD. It remains unclear, however, how inflammation and oxidative stress interact to play a role in CLD. Further understanding of the cyclic association between inflammatory and oxidative stress mechanisms is essential to advance the science. A major factor to consider when interpreting our results is that infants with CLD were born earlier compared to the infants without CLD. The prematurity of physiologic mechanisms and the fragility of immature organ systems may be major causes of dysregulation. Interpretation of the potential physiologic mechanisms for lower levels of 8-OHdG remains inconclusive based on the many confounding factors, including prematurity. The level of 8-OHdG in the blood or urine is dependent on the DNA repair enzymes recognizing and removing the oxidized lesions (Cooke et al., 2000) . The infants with lower levels of 8-OHdG may not necessarily have had less oxidative stress compared to infants with higher levels of 8-OHdG. Instead, they may have had inadequate reparation of the DNA, which would equate to lower amounts of the oxidized lesion, or 8-OHdG, to be excised and secreted into the urine. This inadequate physiologic response may be directly related to an immature immune system. Therefore, our findings emphasize the association between oxidative stress and inflammation and de-emphasize the role of hyperoxia in the etiology of CLD.
The role of hypoxia/ischemia is another source of oxidative stress to consider in this population. One possible interpretation of lower levels of oxidative stress in our study is that these infants were under oxygenation even though the oxygeninitiated resuscitation followed the 2010 AHA resuscitation guidelines. Under oxygenation at birth may have initiated further oxidative stress from inflammation and hypoxia (Eltzschig & Carmeliet, 2011) . Because infants in our study received resuscitation and postresuscitation practices similar to the low-oxygen-initiated resuscitation group in Kapadia et al.'s (2013) study, we are surprised that their results for CLD incidence within the low-oxygen-initiated resuscitation group were not more similar to ours. However, we realize that other factors including maternal infection, neonatal nutrition and diet, as well as genetic and epigenetic influences all play a role in this complication.
Another possible explanation for the inconsistency in findings between our study and previous studies may be related to physiologic conditions in utero. Authors have posited that inflammatory mechanisms associated with CLD begin before birth (Kunzmann, Collins, Kuypers, & Kramer, 2013; McEvoy et al., 2014) . The presence of these mechanisms in utero would exacerbate the oxidative stress and inflammatory mechanisms associated with reperfusion, hypoxia, and hyperoxia in the neonatal period. Interestingly, we found no associations between the oxidative stress levels measured in the cord blood at birth and the incidence of CLD in the present study. However, we measured only one biomarker of oxidative stress in the cord blood. Future studies would provide better evidence for determining the effect of intrauterine oxidative stress and inflammation on CLD if researchers were to measure a comprehensive panel of oxidative stress biomarkers and inflammatory cytokines in the prenatal period and in the cord blood.
Finally, the disparity in findings might also be explained by the intermittent hypoxia that occurs postresuscitation. Research conducted since 2010 to determine the specific protocols for the use of blended oxygen percentages (i.e., 30% vs. 90%) and postresuscitation use of supplemental oxygen (i.e., maintaining saturations within a specific range) have shown mixed results, and, thus, these questions remain hot topics in neonatal care (Boost II, 2013; Cherian, Morris, Evans, & Kotecha, 2014; Finer et al., 2010; Gandhi, Rich, & Finer, 2013; Lim et al., 2014; Saugstad & Aune, 2014) . The most effective saturation range during postresuscitation care for preterm infants remains unknown (Cherian et al., 2014) , but evidence suggests that a higher range (91-95%) is preferred over a lower range (85-89%; BOOST II, 2013). Lim et al. (2014) examined the actual amount of time preterm infants (n ¼ 45) spent within a predefined specific saturation range (88-92%). The authors found that the infants spent more time outside than inside the targeted range, concluding that they were exposed to excessive hyperoxic and hypoxic conditions. A similar finding in a review of several large studies comparing targeted ranges for postresuscitation oxygen therapy (BOOST II, 2013) exposed discrepancies in saturation monitoring. Regardless of the specific oxygensaturation target range used, many preterm infants still encounter periods of oxygen titration because of the number of desaturations and saturation changes that commonly occur in this population. In adults with obstructive sleep apnea, oxidative stress from intermittent hypoxia is believed to play a significant role in poor outcomes (e.g., hypertension) from dysregulation of the inflammatory and sympathetic nervous systems (Kasai & Bradley, 2011; Makarenko et al., 2014 ). Infants exposed to fluctuating levels of oxygen saturation and supplemental oxygen may experience episodes of intermittent hypoxia similar to those caused by obstructive sleep apnea in adults that may increase inflammation. Over time, inflammatory and oxidative stress mechanisms within a preterm infant's immature immune system are likely to become dysregulated, leading to an exacerbation of CLD pathophysiologic mechanisms.
A number of characteristics of the present study limit its comparability with the previous reports discussed above. Our study was not an interventional study and therefore was not blinded. It was also a smaller study with infants who had a higher mean gestational age at birth compared to the previous reports. Finally, because ours was a secondary analysis, we did not collect specific resuscitation data and strict oxygen supplementation protocols were not followed. Nevertheless, our findings add to the discussion regarding the general concept of oxidative stress in this population.
Our study has several limitations. Our sample and interquartile ranges were small and recruitment occurred only in one NICU. Our oxidative stress biomarker provided minimal, nonspecific data. The study lacked any additional corroborating or refuting analyses, such as other biomarkers of acute damage with no reparation, because we used only one marker. Measuring oxidative bases of DNA using an enzyme-linked immunosorbent assay (ELISA) kit instead of using a more accurate and reproducible method such as liquid chromatography has several limitations. These include decreased specificity and sensitivity, multiple interferences, and the possible effect of catabolism on urine concentrations of 8-OHdG. However, this assay is an affordable noninvasive alternative that investigators have used in previous studies. Because the entire sample received the same nutrition delivery protocols, variations in catabolism would likely originate from patient differences. The variability in timing of urine collection, especially on Day 1, may have impacted the results; however, the consent and the Day 1 urine were collected within 24 hr of delivery for all infants. We did not include other factors affecting oxidative stress and oxygenation in our data collection (e.g., inflammatory markers). As the aims of this secondary analysis were not the primary aim of the study, some comparisons may be underpowered.
Many questions remain regarding CLD and oxidative stress in preterm infants. The threshold for when high or low levels of oxidative stress cause irreversible damage to the immature lungs remains unclear and needs to be examined in terms of hyperoxia, hypoxia, and supplemental oxygen. Different methods of measuring oxidative stress, especially the use of biomarkers in blood versus in urine, need to be explored. For example, while plasma levels reflect more acute damage, urine levels may reflect damage over a period of hours, as seen with other stress biomarkers (Moore, Schmid, & French, 2015) . Likewise, variability in oxygen therapy and intermittent hypoxia need to be examined to guide practice guidelines for postresuscitation care of RDS in the NICU. Further research is needed on the role of oxidative stress and inflammation occurring in utero, which could lead to preventive interventions during the prenatal period. Future research also should incorporate a comprehensive panel of plasma and urinary biomarkers of permanent damage, such as isofurans or isoprostanes; antioxidant panels, such as superoxide dismutase; and inflammatory cytokines. Such a panel would provide more specific information about effects. Translational research to identify interactions among RDS and CLD, specific free radicals, antioxidants, exaggerated inflammatory response, and supplemental oxygen will be essential to advance the science.
Findings from this study positively reflect the adoption of the 2010 AHA practice guidelines for cardiopulmonary resuscitation and emergency cardiovascular care during neonatal resuscitation to reduce hyperoxia and oxidative stress during resuscitation. The association that we found between low levels of oxidative stress and high oxygen requirements is contradictory to previous reports. Our findings identify a gap in knowledge for postresuscitation oxygen therapy in preterm infants and suggest a potential role for oxidative stress from inflammation and intermittent hypoxia in the etiology of CLD during the neonatal period.
